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ABSTRACT Streptococcus pneumoniae is a common human nasopharyngeal commensal colonizing 10% to 40% of healthy indi- 
viduals, depending on age. Despite a low invasive disease rate, widespread carriage ensures that infection occurs often enough to 
make S. pneumoniae a leading bacterial cause of respiratory disease worldwide. However, the mechanisms behind transition 
from asymptomatic colonization to dissemination and disease in otherwise sterile sites remain poorly understood but are epide- 
miologically strongly linked to infection with respiratory viruses. In this report, we show that infection with influenza A virus 
and treatment with the resulting host signals (febrile-range temperatures, norepinephrine, extracytoplasmic ATP, and increased 
nutrient availability) induce the release of bacteria from biofilms in a newly developed biofilm model on live epithelial cells both 
in vitro and during in vivo colonization. These dispersed bacteria have distinct phenotypic properties different from those of 
both biofilm and broth-grown, planktonic bacteria, with the dispersed population showing differential virulence gene expres- 
sion characteristics resulting in a significantly increased ability to disseminate and cause infection of otherwise sterile sites, such 
as the middle ear, lungs, and bloodstream. The results offer novel and important insights into the role of interkingdom signaling 
between microbe and host during biofilm dispersion and transition to acute disease. 

IMPORTANCE This report addresses the mechanisms involved in transition from pneumococcal asymptomatic colonization to 
disease. In this study, we determined that changes in the nasopharyngeal environment result in the release of bacteria from colo- 
nizing biofilms with a gene expression and virulence phenotype different not only from that of colonizing biofilm bacteria but 
also from that of the broth-grown planktonic bacteria commonly used for pathogenesis studies. The work importantly also iden- 
tifies specific host factors responsible for the release of bacteria and their changed phenotype. We show that these interkingdom 
signals are recognized by bacteria and are induced by influenza virus infection, which is epidemiologically strongly associated 
with transition to secondary pneumococcal disease. As virus infection is a common inducer of transition to disease among spe- 
cies occupying the nasopharynx, the results of this study may provide a basis for better understanding of the signals involved in 
the transition from colonization to disease in the human nasopharynx. 
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Nasopharyngeal colonization with Streptococcus pneumoniae 
(pneumococcus) is a frequent finding in healthy individuals 
and begins within the first few weeks to months of life. By the age 
of 2 years, >95% of children have been colonized with individual 
serotypes that persist for weeks or months (1), and at any given 
time, 25% to 40% of children under the age of 5 years (2, 3) and 
8% to 15% of adults are colonized (4, 5). Longitudinal studies 
have demonstrated that nasopharyngeal colonization is a neces- 
sary — but not sufficient — step in the pathogenesis of pneumo- 
coccal disease (6, 7). Nevertheless, despite a low attack rate of 
between 3 and 34 cases of invasive pneumococcal disease per 
100,000 acquisitions (8, 9), colonization is widespread enough 
that disease burden caused by the pneumococcus remains a lead- 



ing cause of acute otitis media (AOM), pneumonia, sepsis, men- 
ingitis, and death in children and in elderly and immunocompro- 
mised individuals worldwide (10). 

We and others have demonstrated that asymptomatic pneu- 
mococcal colonization in the nasopharynx predominantly occurs 
within complex multicellular biofilm communities (11, 12), and 
we have recently shown that key features of the nasopharyngeal 
environment, such as interaction with epithelial cells, a tempera- 
ture of 34°C, and limited nutrient availability, are required in or- 
der for in vitro models to recapitulate the in vivo biofilm pheno- 
type (12, 13). Pneumococci grown as biofilms in vitro are 
hyperadhesive and readily colonize the murine nasopharynx but 
show attenuated virulence in models of invasive disease (14). 
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Pneumococci isolated from the bloodstream and sputum of pa- 
tients and animals instead appear to exist exclusively as diplococci 
(15). Despite the high disease burden, little is known about how 
bacteria transition from asymptomatic carriage within colonizing 
biofilm communities to planktonic diplococci capable of causing 
invasive disease. 

Clinical, epidemiological, and experimental data suggest that 
the transition from nasopharyngeal colonization to invasive dis- 
ease is highly associated with preceding or concomitant virus in- 
fections (16-23). The implementation of more sensitive, PCR- 
based assays has documented viral infection in the 
nasopharyngeal secretions from approximately 90% of children 
with AOM (24). Viral circulation has been associated with inva- 
sive pneumococcal disease in both children (25) and adults (26, 
27), where bacterial strains detected in middle ear fluids, lungs, or 
blood of patients with acute disease are genetically identical to 
those isolated from the nasopharynx. Investigations in infant mice 
colonized with S. pneumoniae support this hypothesis, demon- 
strating that secondary infection with influenza A virus (IAV) in- 
creases the nasopharyngeal pneumococcal burden and leads to 
subsequent dissemination to the lower respiratory tract (28). This 
is supported by a recent survey of children that demonstrated that 
viral infection is temporally associated with an approximately 15- 
fold increase in the number of pneumococci detected in nasal 
cultures (29), suggesting that virus infections augment growth of 
bacteria or increased dissociation from the nasopharyngeal tissue 
or both. 

It is clear that multiple mechanisms of viral and bacterial syn- 
ergism exist. Viral presence can predispose the respiratory niche 
to bacterial invasion by increasing bacterial adhesion receptors, 
damaging the integrity of the epithelial barrier, and inducing a 
decrease in mucocilliary clearance as well as virus-induced immu- 
nosuppression (reviewed in reference 23). This is accompanied by 
activation of the sympathetic nervous system and increases in pro- 
inflammatory cytokines (30). The localized inflammatory re- 
sponse is characterized by injury of host epithelial cells resulting in 
the release of ATP and nutrients such as glucose and sialic acid in 
secretions (6) and may be manifested in the host by whole-body 
hyperthermia (fever). Importantly, environmental conditions are 
known to influence the development of biofilm communities and 
play a critical role in the precise mobilization of virulence deter- 
minants (14, 31). However, while dysregulated control of naso- 
pharyngeal bacterial commensals has been hypothesized to be a 
likely part of this transition to disease, few studies have investi- 
gated this aspect. 

The purpose of the present study was therefore to specifically 
investigate the signals and events that influence pneumococcal 
variation, promoting biofilm dispersal and egress and turning a 
passive nasal "commensal" into a destructive opportunistic 
pathogen. During asymptomatic carriage, biofilms can be de- 
tected over the respiratory epithelium that can persist for weeks to 
months with limited damage to the host. However, in laboratory 
assays, planktonic pneumococci rapidly invade and kill human 
respiratory epithelial cells (HRECs) (32) and no S. pneumoniae 
biofilm model has yet been developed where pneumococci are 
able to coexist with living cultures of human respiratory cells for 
more than 24 h (12, 33). We therefore developed a novel biofilm 
model on a live epithelial substratum to allow the study of host- 
pathogen interactions over time in vitro. Using this model and in 
vivo colonization in animals, we show that transition from colo- 



nization to disease is the result of changes in the colonizing envi- 
ronment induced by virus infection or other events leading to cell 
damage, diminished immunity, or increased inflammation in the 
airways. These changes lead to release of host molecules that can 
act as interkingdom signals to induce active dispersal of bacteria 
from colonizing biofilms, resulting in a released population with 
an increased ability to disseminate to and establish infection in 
otherwise sterile sites. 

RESULTS 

Development of a static biofilm model with living cultures of 
HRECs. To study the role of virus infection in vitro, we needed to 
develop a model system to allow biofilm formation on live epithe- 
lial cells for prolonged periods of time. This was accomplished by 
first forming pneumococcal biofilms over prefixed NCTH292 
HRECs for 48 h at the nasopharyngeal temperature of 34°C (34), 
as described previously (12, 13), and then transferring these bac- 
terial biofilm cells to live HRECs. We used both the common D39 
Avery strain and the EF3030 clinical otitis media isolate that 
makes more dense biofilms in vitro, colonizes the nasopharynx 
more effectively than D39, but is less virulent both in the lungs and 
the bloodstream. Biofilm biomass increased steadily during the 
first 48 h of biofilm formation over prefixed HRECs for both 
strains and remained stable over the next 48 h following transfer to 
live HRECs (Fig. 1A). After transfer of biofilm bacteria from pre- 
fixed epithelia to live epithelia, biofilms regained biofilm-specific 
antimicrobial resistance within 24 h (Fig. IB) and could be main- 
tained on the live epithelium without substantial damage to or 
death of epithelial cells for up to 72 h (see Fig. 3E). Confocal 
imaging showed that at 48 h after biofilm transplantation to live 
HRECs, the biofilm covers nearly the entire surface of the infected 
epithelia, with no bacteria internalized into the live cells (Fig. 1C 
and D). Membrane and nucleus staining confirmed that biofilm- 
associated HRECs remained morphologically similar to nonin- 
fected cells (Fig. ID). 

Signals promoting biofilm dispersal in vitro. Considering the 
clear association between respiratory virus infection and the de- 
velopment of pneumococcal disease, we used our epithelial bio- 
film models to investigate several potential signals for biofilm dis- 
persal. We first investigated the impact of IAV infection on biofilm 
homeostasis using live epithelial cells as a substratum. At 24 h after 
IAV infection of HRECs, no notable cytopathic changes were 
found compared with control cells. At 48 to 72 h after virus infec- 
tion, rounding of the cells, large nuclei, and prominent nucleoli 
were observed and several cells revealed cellular fusion, a phe- 
nomenon that became more manifest over the next 2 days, leading 
to cell detachment (data not shown). However, IAV infection of 
HRECs was accompanied by significantly increased ATP concen- 
trations in cell culture supernatant already at 24 h postinoculation 
(Fig. 2A). This time point was used for the bacterial experiments, 
as host signals were induced without potential release of bacteria 
due to shedding of cells taking place. 

To test the impact of IAV infection on pneumococcal biofilm 
homeostasis, we transferred preformed biofilms made from both 
EF3030 and D39 pneumococci to a live epithelium and allowed 
24 h for the biofilm to stabilize and reorganize before infecting the 
epithelium underlying the pneumococcal biofilm with IAV or 
buffer. At 24 h after IAV infection, the total bacterial load in each 
well was the same as the load in wells where the cells were not 
infected with virus; however, approximately 10-fold-more bacte- 
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FIG 1 Establishment of a pneumococcal biofilm model on live epithelial cells. S. pneumoniae D39 or 
EF3030 bacteria were seeded on paraformaldehyde-fixed HRECs. At 48 h, biofilms were transplanted to 
live HRECs. (A and B) Biofilm biomass (A) and sensitivity to gentamicin (500 jug/ml) (B) were mea- 
sured by viable counts over time. Green lines indicate bacterial biofilms on fixed epithelia, and blue lines 
represent the bacteria after transplantation to live epithelial cells. (C) Representative three-dimensional 
(3D) reconstruction of confocal image of a D39 biofilm at 48 h posttransplantation onto live HREC 
layers. Bacteria are stained red using Baclight Red, and epithelia were stained with 488-conjugated 
concanavalin A (green) and their nuclei with DAPI (blue). The numbers represent distances in mi- 
crometers. (D) Representative image from the midcell confocal section view of a D39 biofilm sample 
after 48 h on live HRECs showing no bacterial invasion. HRECs were stained with anti-secretory 
component (SC) antibody (red), nuclei were stained with DAPI (blue), and pneumococci were stained 
with anti-PspA antibody (green). 



ria were present in the supernatant than in the biofilm communities 
attached to the virus-infected epithelium, shown by a significantly 
increased ratio of dispersed bacteria to biofilm bacteria (Fig. 2B). 



To test the direct effect of host agents 
potentially associated with virus infec- 
tion on biofilm integrity, application of 
host agents was performed on biofilms 
formed on fixed epithelia to avoid any po- 
tential involvement of host cell-mediated 
responses in biofilm dispersion. Exoge- 
nous application of norepinephrine (NE), 
ATP, glucose, or a complete HREC cell 
lysate (representing cell damage) added to 
48 -h biofilms induced a significant and 
rapid egress of cells from surface-attached 
biofilm communities to the supernatant, 
where smaller aggregates (predominantly 
diplococci) were observed microscopi- 
cally. This increase of bacteria in the 
supernatant was not merely a result of 
outgrowth of bacteria already in the su- 
pernatant, as aliquots of supernatant re- 
moved from the biofilm culture and 
treated identically to the biofilm did not 
result in similar increases in bacterial 
numbers. Similarly, treatment with me- 
dium containing 2 mM of the potential 
dispersant calcium did not produce any 
detectable egress of bacteria from the bio- 
film (not shown). This indicated that NE, 
ATP, glucose, and cell lysate induced ac- 
tive biofilm dispersal and release of diplo- 
cocci into the supernatant. Furthermore, 
temperature variation (simulating fever) 
of biofilms formed on fixed epithelia pro- 
duced similar results, with the greatest ef- 
fects seen at a temperature of 38.5°C ap- 
plied in combination with a complete HREC cell lysate, which 
would mimic the host response to a febrile, symptomatic IAV 
infection (Fig. 2C). Combined, these results show that specific 
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FIG 2 Dispersion of biofilm bacteria by virus infection and host factors. (A) The ATP concentrations in the supernatant of HRECs infected with influenza A 
virus (IAV) or in the nasopharyngeal lavage fluid recovered from mice 24 h after IAV infection were determined. (B) The impact of IAV infection on the ratio of 
bacteria in the supernatant (dispersed) to epithelium-associated bacteria (biofilm) 48 h after biofilm transplant to live HRECs was measured. (C) The change in 
the optical density at 600 nm (AOD 600 ) of biofilm supernatant was measured 2 h after application of the indicated stimuli (NE = norepinephrine). The change 
in optical density correlated well with the number of CFU obtained from bacterial growth of the same supernatants. For each analysis, three independent assays 
were performed in duplicate. Statistical analysis was performed using Student's f test (* = P < 0.05, ** = P < 0.01, *** = P < 0.001). 
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FIG 3 Characterization of pneumococcal populations for gene regulation, adherence, invasion, toxicity, and cytokine induction from exposed HRECs. Biofilm 
and dispersed and planktonic pneumococcal populations show distinct gene expression profiles of key virulence genes (P < 0.05 for all comparisons using 2-way 
analysis of variance [ANOVA]) (A) and differences in transparent- and opaque-phase states (*** = P < 0.001 using 1-way ANOVA). (C to F) The populations 
further differed in their ability to adhere to (C), invade (D), and kill (E) HRECs (** = P < 0.01 for all comparisons using 1-way ANOVA) and induce different 
levels of key cytokines involved in proinflammatory responses from the exposed HRECs (* = P < 0.05 using 2-way ANOVA) (F). Each experiment was repeated 
at least three times in duplicate, ns, nonsignificant. 



host molecules and environmental changes associated with virus 
infection are sensed by biofilm bacteria and activate biofilm dis- 
persal. 

Dispersed bacteria represent a distinct population of bacte- 
ria different from biofilm and broth-grown, planktonic cells. 

Previous work has demonstrated that pneumococci grown in bio- 
films significantly downregulate a number of important virulence 
genes compared with broth-grown bacteria ( 14) . To better under- 
stand the phenotype of biofilm-dispersed bacteria, we compared 
pneumococcal gene expression of the bacteria actively dispersed 
from the biofilm on fixed epithelia in response to 2 h at increased 
temperature (37°C) with both planktonic, broth-grown cultures 
and biofilm bacteria grown on fixed epithelial cells for 48 h. Con- 
sistent with previous reports (13, 14), we found that genes in- 
volved in competence were upregulated during biofilm formation 
(P < 0.05 compared with the dispersed and planktonic popula- 
tions), while genes involved in virulence, such as the cps cassette 
for capsule production, and genes encoding pneumolysin, the ad- 
hesin PavA, and the HcD2 locus involved in promoting the opaque 
phenotype were significantly downregulated during biofilm 



growth compared with both dispersed and planktonic, broth- 
grown bacteria (Fig. 3A). Of special interest was that dispersed 
bacteria not only showed significantly higher expression of these 
genes than biofilm bacteria but also showed significantly higher 
expression of lytA, HcD2, and pavA (P < 0.05 for all genes) than 
broth-grown, planktonic controls (Fig. 3A), indicating that plank- 
tonic bacteria originating from broth cultures and from biofilm 
release are phenotypically distinct. 

S. pneumoniae undergoes phase variation, alternating between 
a transparent phase with low capsule expression and high cell wall 
teichoic acid expression and an opaque phase with high capsule 
expression and low teichoic acid expression (35). During naso- 
pharyngeal colonization, the transparent phase predominates, al- 
lowing increased adherence to host cells (36). In contrast, bacteria 
isolated from sites of acute pneumococcal disease show an almost 
exclusively opaque phenotype. To test whether the increased ex- 
pression of licD2 seen in the dispersed population corresponded 
with an increase in the opaque phenotype, we used trans-oblique 
illumination to determine the phase of all three subpopulations. 
In both the EF3030 and D39 strains, colonies grown planktoni- 
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cally in broth were predominantly opaque, while colonies isolated 
from biofilms and grown on plates were predominantly transpar- 
ent. Cells actively dispersed from biofilms showed consistently 
higher percentages of opaque colonies compared with either the 
broth-grown planktonic cultures (P < 0.05 for D39 pneumo- 
cocci) or their biofilm counterparts (P < 0.01 for both strains; 
Fig. 3B). 

The variation in opacity and expression of virulence determi- 
nants correlated well with adherence, invasion, and toxicity to 
HRECs. Both EF3030 and D39 biofilm bacteria showed increased 
adherence to HRECs compared with dispersed or broth-grown 
bacteria (P < 0.01 compared with both dispersed and planktonic 
pneumococci for EF3030; Fig. 3C). Furthermore, dispersed bac- 
teria showed significantly higher internalization than both plank- 
tonic and biofilm pneumococci (P < 0.05 for both strains and 
both comparisons; Fig. 3D), with the more virulent D39 strain 
showing higher levels of internalization than the EF3030 strain. 
The internalization translated into toxicity of dispersed pneumo- 
cocci for HRECs over the first 18 h that was rapid and significantly 
higher than that of planktonic, broth-grown bacteria and dramat- 
ically higher than that of the biofilms from which they were liber- 
ated over the entire time course of the experiment (Fig. 3E). The 
more virulent phenotype in vitro for dispersed cells was supported 
by inflammatory cytokine levels that were significantly higher 
than those seen upon exposure to their biofilm counterparts or to 
broth-grown, planktonic bacteria (Fig. 3F). These results con- 
firmed the expression data indicating that the dispersed bacterial 
population was distinct not only from the biofilm bacteria but also 
from conventional, broth-grown bacteria showing less adherence, 
more invasion, and higher toxicity to HRECs. 

In vivo phenotype of planktonic, dispersed, and biofilm pop- 
ulations in a murine colonization model. Having used in vitro 
models to confirm the enhanced toxicity and inflammatory po- 
tential of bacterial cells dispersed from mature biofilms, we next 
tested their in vivo phenotype using established mouse models for 
pneumococcal colonization and disease. Intranasal inoculation of 
the EF3030 strain showed that all three populations colonized the 
nasopharyngeal tissue, but with a distinct propensity for dispersed 
bacteria to colonize less tightly, as -12.5% of total nasal coloniza- 
tion was recovered in the lavage fluid compared with 1.7% for 
broth-grown and 0.15% for biofilm bacteria (P < 0.05 for both 
comparisons; Fig. 4A). In analogy, dispersed EF3030 bacteria in- 
oculated in the nares of mice disseminated to the lungs in large 
numbers and grew dramatically, whereas neither planktonic nor 
biofilm pneumococci showed a significant bacterial presence in 
the lungs (P < 0.001; Fig. 4A). Furthermore, EF3030 (a middle ear 
clinical isolate) was detected in the middle ears. All populations 
migrated to the middle ears; however, dispersed bacteria showed a 
bacterial burden that was approximately 2 log 10 higher (P < 0.05) 
than that seen with the other bacterial populations (Fig. 4A). 

A histological examination of the nasal epithelium, middle 
ears, and lungs of mice 7 days after intranasal colonization showed 
that colonization with dispersed bacteria led to pronounced de- 
nudation of the nasal epithelium despite similar levels of tissue 
colonization of the populations (Fig. 5, row 1). Furthermore, we 
found large inflammatory infiltrates in the middle ear cavity and 
lungs. In contrast, colonization with biofilm bacteria showed the 
presence of shorter, intact cilia in the lining of the nasal epithe- 
lium, with no inflammatory infiltration of the lung or middle ears, 
which correlated well with the low bacterial load in these tissues. 



Inoculation with broth-grown planktonic bacteria led to a mixed 
phenotype, with localized areas of epithelial denudation in the 
nares, minimal inflammatory presence in the middle ear, and 
small areas of perivascular inflammation in the lungs (Fig. 5, rows 
1 to 3). 

Colonization experiments with the D39 mouse-adapted strain 
showed mostly similar results. Biofilm pneumococci showed a 
distinct tissue tropism for the nasopharyngeal tissue, colonizing at 
a higher bacterial burden at 48 h compared with both dispersed 
and broth-grown populations (P < 0.05; Fig. 4B). All populations 
were detected in equal amounts in the nasal lavage fluid (Fig. 4B). 
However, as dispersed D39 pneumococci were present at a lower 
burden in the nasal tissue, their presence in the lavage fluid repre- 
sented a significantly greater fraction of the total bacterial popu- 
lation in the nasopharynx, with -10% of bacteria loosely associ- 
ated with the tissue compared with the biofilm or planktonic 
populations, where -0.1% to 1% of colonizing bacteria were re- 
covered in the lavage fluid. Following intranasal inoculation, only 
one of the mice inoculated with the planktonic population and 
one of the mice inoculated with the biofilm population had de- 
tectable bacteria in the lungs after 48 h (Fig. 4B), whereas dis- 
persed bacteria rapidly migrated to the lungs and established a 
productive infection. Interestingly, no detectable amounts of D39 
bacteria of any population were recovered from the middle ears 
( Fig. 4B ) . Histological analysis of the nasal epithelium and lungs of 
D39-inoculated mice showed results very similar to those de- 
scribed above for EF3030 (not shown), with the exception that 
none of the populations were identified in the middle ears. 

In general, the results confirm that the phenotype of the dis- 
persed bacteria showed that they were more toxic and had a pro- 
pensity to disseminate from the nasopharynx to the lungs and 
middle ears at a level that was higher than that of their broth- 
grown planktonic counterparts and much higher than that of the 
biofilm bacteria. 

In vivo phenotype of planktonic, dispersed, and biofilm pop- 
ulations in a murine pneumonia model. As intranasal inocula- 
tion resulted in higher levels of dissemination to sterile sites such 
as the lungs by the dispersed phenotype, we wanted to address the 
virulence potential in the lungs by inoculating equal numbers of 
all of the bacterial populations through aspiration. Mice given 
EF3030 biofilm bacteria showed low levels of bacteria in the lungs 
after 48 h (Fig. 4C) that induced only minimal recruitment of 
inflammatory cells with localized areas of perivascular inflamma- 
tion (Fig. 5, row 4) and resulted in no dissemination to the blood- 
stream. Mice given D39 biofilm bacteria showed complete or par- 
tial clearance of bacteria by 48 h, with only 3 of the challenged 
mice showing dissemination with low bacterial numbers to the 
bloodstream (Fig. 4D). In contrast, challenge with cells dispersed 
from the same biofilms by exposure to 37°C for 2 h led to high 
bacterial burdens in the lungs and 3/6 mice challenged with 
EF3030 and all mice challenged with D39 produced hematoge- 
nous dissemination. 

Histological examination of the lungs of mice directly infected 
with dispersed bacteria showed the greatest influx of inflamma- 
tory cells, with extensive vasculitis and perivascular, peribron- 
chiolar, and interstitial inflammation along with areas of intra- 
alveolar hemorrhage and edema (Fig. 5, row 4). Exposure to 
broth-grown planktonic bacteria led to a significantly lower bac- 
terial load in the lungs (Fig. 4D) that resulted in moderate inflam- 
matory infiltration (Fig. 5) and limited hematogenous dissemina- 
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FIG 4 Colonization and dissemination of pneumococcal populations after intranasal inoculation, 
aspiration inoculation, or intraperitoneal inoculation. (A and B) Individual 6-week-old female BALB/ 
cByJ mice were inoculated with biofilm (designated "B") or dispersed (designated "D") or broth-grown, 
planktonic (designated "P") populations of EF3030 (A) and D39 (B) pneumococci intranasally without 
anesthesia to determine nasopharyngeal colonization and dissemination from the nasopharynx to the 
lungs and middle ears. Additionally, the bacterial burden in nasopharyngeal (NP) lavage fluid was 
determined. (C and D) Mice were furthermore inoculated with EF3030 (C) and D39 (D) pneumococci 
intranasally after anesthesia in an aspiration pneumonia model, and the bacterial burden in the lung 
tissue and dissemination to the bloodstream were determined by plate counts. (E and F) Finally, each 
bacterial population of EF3030 (E) and D39 (F) pneumococci was injected intraperitoneally to deter- 
mine the respective levels of virulence upon reaching the vascular compartment. For both nonanesthe- 
tized and anesthetized intranasal challenges, nasal lavage fluids and all tissues were collected at 48 h 
postinfection. For intraperitoneal challenge, samples were collected at 24 h postinfection. Each dot in 
the graphs represents an individual mouse. An "X" represents a mouse that became moribund and 
required euthanasia before the end of the experiment. Each experiment included at least 6 mice. Sta- 
tistical analysis was performed using one-way ANOVA (* = P < 0.05, ** = P < 0.01, and *** = P < 
0.001, indicating significant differences between the populations). 



Biofilm populations show attenuated 
virulence and biofilm-dispersed pneu- 
mococci are hypervirulent during bacte- 
remia after intraperitoneal challenge. 

To determine if the role played by dis- 
persed bacteria was specific to tissue in- 
fections, we injected organisms directly 
into the peritoneum to bypass the respi- 
ratory tract. After injection of between 2 
X 10 5 and 5 X 10 5 CFU/mouse of the var- 
ious EF3030 populations, 2 mice infected 
with dispersed EF3030 became moribund 
before 24 h had passed and 5/6 mice were 
bacteremic despite the traditional view 
that EF3030 is a nonbacteremic strain 
(37). In contrast, all animals inoculated 
with planktonic or biofilm EF3030 cul- 
tures were healthy at the end of the exper- 
iment at 24 h and bacteria had been com- 
pletely cleared (Fig. 4E). 

Using the same inoculum of D39 bac- 
teria, a strain that is classically more viru- 
lent in mouse septicemia, mice infected 
with dispersed D39 populations rapidly 
became moribund, with the first mouse 
sacrificed by 14 h postinfection and 6/9 
mice requiring euthanasia before the end 
of the experiment at 24 h. This phenotype 
was much more virulent that that ob- 
served when broth-grown bacteria were 
used. Inoculation with these bacteria re- 
sulted in no moribund mice within the 
first 24 h, although the majority of the 
mice had the same bacterial burden in the 
blood as mice infected with dispersed 
bacteria. None of the biofilm-inoculated 
animals were moribund at 24 h, and these 
mice showed a significantly lower bacte- 
rial load than the two planktonic groups 
except for a significant bacterial load in 
2/9 mice (Fig. 4E). These results suggest 
that the dispersed phenotype may play a 
critical role in the survival and growth of 
the pneumococcus during the develop- 
ment of acute infection in the vascular 
compartment. 

Influenza virus infection and dis- 
persing stimuli induce transition to dis- 
ease in vivo. Considering the high car- 
riage rate of pneumococci, it is not 
unlikely that a substantial proportion of 
those who contract IAV are already 
asymptomatically colonized by S. pneu- 
moniae. As colonization always precedes 
dissemination to other sites (38), changes 
in the upper respiratory tract resulting 
from IAV infection likely alter the colo- 



tion, with 1/6 mice showing bacteremia using the EF3030 strain 
and 4/6 using D39 bacteria (Fig. 4D). 



nizing microenvironment of the naso- 
pharynx, affecting preexisting pneumococcal biofilms. 

To assess the impact of IAV infection on asymptomatic pneu- 
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FIG 5 Histological representation of mouse tissues infected with various pneumococcal populations. Representative histological images of nasal epithelium, 
middle ear space, and lungs 7 days following nonanesthetized intranasal challenge (rows 1 to 3) with PBS (mock-infected control), biofilm, or dispersed or 
planktonic populations. Row 4 shows histological sections of the lungs 48 h following intratracheal aspiration of these same bacterial populations. Tissues were 
stained with hematoxylin and eosin and examined microscopically at magnifications of X400 for row 1 and X200 for rows 2 to 4. The sections are labeled with 
relevant structures (LI, leukocyte infiltrate; TM, tympanic membrane; SM, stapes muscle; ME, middle ear cavity; Spn, S. pneumoniae). 



mococcal colonization, we used the established carriage model 
described above. In the absence of virus, mice remain colonized 
with D39 or EF3030 for 1 to 3 weeks without infection of the lower 
respiratory tract or the development of bacteremia (data not 
shown). We induced stable asymptomatic carriage with either 
biofilm-grown EF3030 or D39. At 48 h postinoculation, mice were 
intranasally inoculated with 40 PFU of IAV. Infection with IAV 
confirmed the results of many human epidemiological studies and 
showed that the mice had a marked level of viral pneumonia on 
day 1 post-IAV inoculation, showing increased lethargy, hud- 
dling, and ruffled fur. We found that 24 h after IAV infection, both 
of the colonizing pneumococcal strains had successfully dissemi- 
nated to both the lungs and middle ears, whereas the non-virus- 
infected group, inoculated with phosphate-buffered saline (PBS), 
showed no presence of bacteria in the lungs (Fig. 6A and B). Only 
a limited bacterial presence was observed for the EF3030 clinical 
otitis strain in the middle ear. To determine the fate of dissemi- 
nated bacteria over time, we followed the mice over 5 days post- 
IAV inoculation. EF3030 bacteria continuously colonized the na- 



sopharynx at a high level over all 5 days in both the presence and 
the absence of virus (Fig. 6A and C), but dissemination to the 
lungs increased over time to induce pneumonia and to the middle 
ears that persisted to induce acute otitis media only in the presence 
of IAV. The D39 strain, being a more invasive strain, decreased in 
colonization over time (Fig. 6B and D). And yet, following damage 
to the lungs from the viral pneumonia, D39 pneumococci that 
actively disseminated to the lung increased their bacterial burden 
over time and substantial bacterial pneumonia was seen on day 5 
post-IAV infection (Fig. 6B and D). Although the D39 strain also 
disseminated to the middle ear by day 1, it was slowly cleared over 
time, suggesting that this strain is less otogenic, in agreement with 
the results shown in Fig. 4B. 

To further explore the mechanism involved in transition from 
colonization to disease, we used this same colonization model to 
assess the effect of host-derived interkingdom signals seen during 
viral infection that were found to disperse pneumococcal biofilms 
in vitro as described above. Infection of mice with IAV induced a 
significant release of ATP in nasopharyngeal secretions, suggest- 
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FIG 6 Bacterial dissemination of mice stably colonized with pneumococci and challenged with influ- 
enza A virus. Bacterial burden in tissues and nasopharyngeal lavage fluid was measured for individual 
6- week-old female BALB/ cByJ mice colonized intranasally without anesthesia with EF3030 ( A and C) or 
D39 (B and D) biofilm bacteria at 1 (A and B) or 5 (C and D) days postinfection with IAV. Each dot 
represents an individual mouse. Statistical analysis was performed using Student's t test. * = P < 0.05, 
** = p< 0.01, *** = P < 0.001. 



ing this to be an important host signaling molecule (Fig. 2 A). As in 
our in vitro experiments, intranasal application of ATP, NE, or glu- 
cose or a brief (4-h) exposure of the mice to febrile-range hyperther- 
mia (FRH) led to the dissemination of both EF3030 and D39 pneu- 
mococci from the nasopharynx. There was a moderate increase in the 
percentage of nasal bacteria found in the lavage fluid compared to the 
tissue-associated population. This was accompanied by the dissemi- 
nation of bacteria to the middle ear or lungs within 24 h (Fig. 7). No 
such bacterial invasion of the lower respiratory tract was detected 
after intranasal administration of PBS. All host signals that induced 
dispersion effectively caused dissemination to the lungs for both 
strains. For dissemination to the middle ear, febrile-range hyperther- 
mia and norepinephrine were especially effective in causing dissemi- 
nation and ATP worked effectively also for the EF3030 otitis media 
isolate (Fig. 7A). 

To confirm the crucial role of activating events leading to spe- 
cific release of bacteria from the biofilms with increased virulence, 
we tested the in vivo phenotype of bacteria passively released from 
EF3030 and D39 biofilms (see Fig. SI in the supplemental mate- 
rial). Released bacteria from EF3030 biofilm overgrowth inocu- 
lated intranasally showed no dissemination to the lungs and only a 
limited presence in the middle ears that was not significantly 
greater than that seen during challenge with intact biofilm bacteria 
as shown in Fig. 4. Similarly, intraperitoneal challenge of this same 
population resulted in complete clearance within 24 h. Together, 
these results demonstrate that activation of the biofilm with spe- 
cific host signaling molecules is required to induce the liberation 
and dispersion of bacteria that can disseminate to normally sterile 
sites. 

DISCUSSION 

A current challenge in the field of pneumococcal pathogenesis is 
to understand how asymptomatic pneumococcal colonization 



D39 progresses to dissemination, specific tis- 

sue damage, and disease or death of the 
host. This study therefore focused on bet- 
ter understanding of factors influencing 
S. pneumoniae biofilm dispersion and its 
t ■ relationship to the onset of pneumococ- 

cal disease. We demonstrated that pneu- 
mococcal biofilm dispersion is an active 
process induced by alterations of the na- 
sopharyngeal environment. These data 
provide one potential explanation of the 
process by which colonizing pneumococ- 
cal biofilms disperse to become virulent 
pneumococci primed for invasive disease. 

Biofilm formation during nasopha- 
ryngeal colonization provides pneumo- 
cocci with a protected sanctuary for ses- 
sile cells and a platform for person-to- 
person transmission and is a prerequisite 
for the development of invasive disease. 
However, recent work has shown that 
large bacterial aggregates are more sus- 
ceptible to complement-mediated opsono- 
phagocytosis within the vascular com- 
partment (39) and that in vzfro-grown 
biofilms are attenuated for virulence (14). 
Our results demonstrating that biofilms 
grown on epithelial cells downregulate important virulence fac- 
tors, are predominantly in the transparent phase, induce lower 
cytokine responses in epithelial cells, and are noninvasive and 
nontoxic to HRECs support these observations. Likewise, our 
in vivo models suggest that the formation of biofilm structures 
within the nasopharynx allows increased bacterial adherence and 
persistence while ensuring the rapid clearance from any normally 
sterile areas into which they may gain entry such as the lung or 
vascular compartment, possibly through microaspiration. 

Biofilms formed during nasopharyngeal colonization must 
balance attachment, growth, and eventual dispersion processes 
within a dynamic nasopharyngeal environment. In both bacteria 
and fungi, the nutritional status of the environment dictates bio- 
film dispersal. In general, increased nutrient availability is associ- 
ated with inhibiting biofilm formation, increasing detachment, 
and triggering dispersion, and it is possible that other host signals 
are involved in this regulation (40, 41). Here, we found that pneu- 
mococcal cells dispersed from biofilms in response to hyperther- 
mia treatment were more inflammatory and more invasive in both 
in vitro and in vivo assays, while passive overgrowth and seeding of 
biofilm bacteria into the supernatant did not result in any pheno- 
typic traits shared with their actively dispersed counterparts but 
did result in traits similar to those seen with the biofilm parent 
cultures. Phenotypic analysis showed that heat-dispersed cells 
were predominantly opaque, with increased capsule production 
and markedly higher expression of a number of virulence factors 
required for invasive disease. Trappetti et al. found that opaque 
broth-grown bacteria, but not transparent-biofilm-derived pneu- 
mococci, were able to translocate from the nasopharynx to the 
lungs and brain of mice (42). These findings support previous 
reports that human convalescent sera from individuals recovered 
from pneumococcal pneumonia primarily recognize bacterial 
proteins in planktonic versus biofilm pneumococci (43). How- 
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FIG 7 Bacterial dissemination of mice stably colonized with pneumococci and challenged with dispersants. The bacterial burden in tissues and nasopharyngeal 
(NP) lavage fluid was measured for individual 6-week-old female BALB/cByJ mice colonized intranasally without anesthesia with biofilm bacteria from (A) 
EF3030 or (B) D39 pneumococci for 48 h and then challenged intranasally with 20 jii PBS, 10 mM ATP, 100 nM norepinephrine (NE), or 1 M glucose (Glu) or 
subjected to 4 h of febrile-range hyperthermia (FRH). Each experiment represents at least three individual experiments with duplicate samples. Statistical analysis 
was performed using Student's f test, comparing treatment conditions to PBS control. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. 



ever, given the largely artificial phenotype of planktonic broth- 
grown bacteria, in aggregate these data suggest that phenotypically 
altered cells dispersed from biofilms in response to specific envi- 
ronmental cues, and not colonizing biofilm bacteria or cells pas- 
sively released during normal growth, are more likely to represent 
the etiologic agents of acute disease. 

It is becoming increasingly evident that cell-cell signaling in- 
side the nasopharynx plays a key role in commensal survival, 
pathogen colonization, and host defense. An important compo- 
nent is interkingdom signaling, or the recognition of eukaryotic 
signaling molecules by commensal bacteria and pathogens. 
Changes in the nasopharyngeal microenvironment, including nu- 
trient availability, temperature, ion concentrations, and host sig- 
naling molecules capable of triggering biofilm dispersion, can be 
the result of viruses joining the microbial microflora as a prelude 
to secondary bacterial infections of the respiratory tract (44). Fe- 
ver often peaks within 24 h of viral infection onset and is accom- 
panied by other physical signs, including cough, sore throat, head- 
ache, and myalgia, and correlates with a significant release, either 



in nasopharyngeal fluid or in plasma, of a number of cytokines 
and chemokines (45). IAV infection also activates the sympathetic 
nervous system, resulting in the release of granules containing 
neurotransmitters, including the classic stress hormone NE and 
ATP (30, 46, 47), and ATP may also be released through virus- 
induced cell damage. A growing body of evidence recognizes both 
ATP and NE as important interkingdom signaling molecules dur- 
ing a number of different host-pathogen interactions (48) . Release 
of sympathetic neurotransmitters occurs nonsynaptically, and NE 
diffuses widely in tissues with a half-life on the order of 7 h (49). 
Likewise, rapid release of extracellular ATP into the airway surface 
liquid and local microenvironment from distressed or injured eu- 
karyotic cells due to pathogens or other etiological factors func- 
tions as an important "danger signal," activating host inflamma- 
tory and immune responses (50, 51). Both low levels of NE and 
high extracellular concentrations of ATP exhibit activating effects 
on leukocytes (52, 53). In addition, high extracellular ATP con- 
centrations induce rapid increases in monolayer permeability of 
pulmonary epithelial and endothelial cells, allowing increased 
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transmigration of immune cells to an area of acute infection (52, 
54). 

As indicated by our results, the changes of the microenviron- 
ment induced by these agents have the paradoxical effect of in- 
creasing bacterial dissemination into normally sterile areas. In- 
duction of a febrile response after virus infection correlated with 
increased concentrations of ATP in the nasopharyngeal lavage 
fluid and resulted in dispersion of bacteria from bacterial biofilm 
communities both in vitro and in vivo. Surprisingly, even a limited 
period of whole-body hyperthermia or a single intranasal applica- 
tion of glucose, NE, or ATP applied to healthy mice with stable 
asymptomatic nasopharyngeal colonization induced the develop- 
ment of pneumococcal pneumonia and otitis media within 24 h. 
Although the mechanisms of pneumococcal sensing of host fac- 
tors are not yet understood, this is an exciting focus for future 
studies. These data suggest that interkingdom signaling, through 
the molecules identified in this study as well as other potential host 
factors and mechanisms, allows communication between respira- 
tory microbes and their hosts, leading bacteria to activate their 
virulence genes and turning a passive commensal into a destruc- 
tive pathogen. 

Clinical findings support these observations, as an increasing 
body of data points to enhanced levels of ATP in airway secretions 
of patients with airway damage and respiratory diseases (reviewed 
in reference 52) where secondary pneumococcal infections are 
significantly more common. Therefore, massive dispersion under 
favorable growth conditions may reflect a bacterial survival strat- 
egy whereby S. pneumoniae benefits from the biofilm mode of 
growth under restrictive environmental conditions imposed by a 
healthy host but abandons this mode in response to interkingdom 
signaling and microenvironmental changes that suggest a state of 
decreased host immunity. 

Temperature is another critical and ubiquitous environmental 
signal that governs the development and virulence of diverse mi- 
crobial pathogens, including viruses, parasites, and bacteria (55- 
58). Microbial survival is frequently contingent on initiating ap- 
propriate responses to environmental temperature cues — often 
signaling successful infection of the host. In the host, febrile-range 
hyperthermia (FRH) enhances serum cytokine levels and other 
modulators of the acute inflammatory response (59). However, 
increased levels of tumor necrosis factor alpha (TNF-a) and other 
immediate proinflammatory cytokines induced both by fever- 
range hyperthermia and by bacteria actively dispersed from the 
commensal nasopharyngeal biofilms could be undesirable due to 
their role in lung injury. In the setting of acute lung injury or 
infection, FRH augments the development of central pathophys- 
iologic features of respiratory disease, including neutrophil accu- 
mulation, loss of endothelial and epithelial barrier function, and 
epithelial injury (60). Adult respiratory distress syndrome occurs 
in one-fourth of humans with heat stroke (61), demonstrating 
that exposure to hyperthermia may in and of itself be sufficient to 
activate pathways involved in lung injury. Unlike other organ- 
isms, such as Streptococcus pyogenes, which produce a variety of 
tissue-damaging substances, the pneumococcus produces rela- 
tively few toxins, with pneumolysin being the principal one. In- 
stead, the pneumococcus causes an intense inflammatory re- 
sponse, and in most organs — including the lungs, middle ear, and 
meninges — this inflammatory response constitutes the disease. 

While animal and cell culture studies clearly establish the im- 
portance of fever management, the outcomes of clinical studies 



addressing this issue are less clear (62). Clinical studies suggest 
that the effects of fever depend primarily on the severity of the 
underlying illness and the timing of antipyretic therapy (62). 
Chiappini and colleagues recently found that parental administra- 
tion of antipyretics given to children with upper respiratory tract 
infections as soon as symptoms manifested resulted in a signifi- 
cant decrease in the clinical signs of respiratory infection, includ- 
ing nasal discharge and nontransparent tympanic membranes 
(63). However, many other studies have found that antipyretic 
treatment can have detrimental effects, increasing the length of 
time to recovery in viral illnesses (64) and decreasing survival 
during sepsis (reviewed in reference 62). Together, these observa- 
tions suggest that FRH may play an important role in the initial 
pathogenesis of acute lung injury complicating respiratory infec- 
tions, including secondary bacterial pneumonia, but may also 
confer a protective benefit in systemic disease. 

In conclusion, we have proposed a novel model for under- 
standing the mechanisms underlying pneumococcal and viral in- 
teractions in the respiratory tract. Our findings suggest that syn- 
ergistic interactions may occur that influence and disturb the 
natural equilibrium of the microbiota in the nasopharyngeal 
niche, prompting physiologic changes that lead to the conversion 
of Streptococcus pneumoniae from a passive colonizing agent to a 
virulent pathogen primed for invasion. These phenotypically 
modified dispersed bacteria are primed to take advantage of the 
virus-induced changes in airway function and epithelial damage 
to the respiratory tract that prime the upper airway and lung for 
subsequent bacterial infection. Pneumococcal disease may there- 
fore be the result of both variation on the bacterial level and cap- 
italization on opportunities presented by the host. The insight 
gained into the pathogenesis of the interaction between influenza 
virus and pneumococcus may serve as a starting point for under- 
standing the mechanisms underlying the processes seen with 
other commensal bacteria that have both colonizing and invasive 
phenotypes. 

MATERIALS AND METHODS 

Ethics statement. This study was carried out in strict accordance with the 
recommendations in the Guide for the Care and Use of Laboratory Ani- 
mals of the National Institutes of Health. The protocols were approved by 
the Institutional Animal Care and Use Committee at the University at 
Buffalo, Buffalo, NY, and the Veterans Affairs Medical Center, Buffalo, 
NY. All bacterial inoculations and treatments were performed under con- 
ditions designed to minimize any potential suffering of the animals. 

Reagents. Cell culture reagents were from Invitrogen, Carlsbad, CA. 
Bacterial and cell culture media and reagents were from VWR Inc., Rad- 
nor, PA. Chemically defined bacterial growth medium (CDM) was ob- 
tained from IRH Biosciences, Lexera, KS. Sheep blood was purchased 
from BioLink, Inc., Liverpool, NY. All remaining reagents were purchased 
from Sigma-Aldrich, St. Louis, MO. 

Cells and bacterial and virus strains. NCI-H292 bronchial carcinoma 
cells (ATCC CCL-1848), referred to here as HRECs, and MDCK cells 
(ATCC CCL-34) were grown on various surfaces as described previously 
(65). Pneumococcal strains were grown in a synthetic medium (CDM) as 
described previously (66). The study used serotype 19F otitis media isolate 
EF3030 (67) and classical serotype 2 Avery strain D39 (68). IAV strain 
A/PR8/34 (H3N2) (ATCC VR-777) was used, and titers were determined 
by plaque assays (69). Adherence and invasion assays were performed as 
described previously (70). 

Determination of ATP release from virus-infected epithelia. HRECs 
grown to confluence in 24-well tissue culture plates were infected with 1 X 
10 5 PFU/ml IAV that were allowed to adsorb to the cells for 1 h, after 
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which the virus was removed and 2 ml of fresh cell culture media with 2% 
fetal bovine serum (FBS) and 1 jug/ml CPCK trypsin (tosyl phenylalanyl 
chloromethyl ketone-treated trypsin) were added. At 24 h following IAV 
infection, the cell culture medium was changed to serum-free medium. 
After 2 h, supernatant was removed from wells and subjected to sterile 
filtering. Separately, nasopharyngeal lavage fluid from mice infected in- 
tranasally for 24 h with 40 PFU of IAV was collected. Levels of ATP release 
were determined using an ATP determination kit (Invitrogen) according 
to the manufacturer's instructions and a Synergy 2 plate reader (Bio-Tek) . 

Cytokine release after bacterial stimulation of HRECs. For stimula- 
tion experiments, confluent HREC layers were washed twice with serum- 
free media and then stimulated with pneumococcal populations prepared 
as described above in serum-free, RPMI 1640 medium. Cultures were 
incubated for 4 h at 34°C in 5% C0 2 . After incubation, culture superna- 
tants were collected, centrifuged at 10,000 X g for 5 min, and stored at 
— 80°C. Cytokine contents in the supernatants were determined by a 
sandwich enzyme-linked immunosorbent assay (ELISA) (Signosis) fol- 
lowing the manufacturer's protocols. 

Static biofilm model on prefixed epithelia. Static pneumococcal bio- 
films on prefixed epithelia were produced from CDM-grown pneumo- 
cocci seeded onto confluent HRECs that were prefixed in 4% paraformal- 
dehyde at 34°C as described previously (12). For our live epithelial- 
biofilm model, 48-h biofilms grown on prefixed epithelia were washed 
and resuspended by gentle pipetting in fresh antibiotic-free RPMI 1640 
media with 2% FBS and then transplanted onto live HREC cultures grown 
to confluence in 24-well plates. Biofilms were maintained for up to 72 h, 
with changes of culture media every 4 h. For IAV infection, 24 h after 
biofilm transplantation, epithelial biofilm cultures were incubated with 
viruses at a multiplicity of infection of one virus/cell for 1 h. Virus was 
removed, and fresh media were added as indicated above for ATP deter- 
minations. 

Confocal microscopy. Biofilms were prepared on live epithelia as in- 
dicated above. Infected cell layers were then fixed in 4% paraformalde- 
hyde. To identify internalized bacteria, cells were washed with PBS and 
permeabilized with 3% bovine serum albumin-0.1% Triton X-100-PBS, 
bacteria were labeled with anti-PspA antibody (gift from David Briles, 
UAB, Birmingham, AL) (1:50 dilution), and cells were labeled with anti- 
secretory component antibody (1:200 dilution). DAPI (4[prime],6- 
diamidino-2-phenylindole) (5 /ug/ml) was also added. Biofilm bacteria, 
which could not be washed extensively, were visualized with BacLight Red 
(Molecular Probes), and epithelial cells were stained with 488-conjugated 
concanavalin A and DAPI. 

Mouse sepsis, pneumonia, and nasopharyngeal colonization model. 
For nasopharyngeal colonization experiments, BALB/cByJ mice (Jackson 
Laboratories, Bar Harbor, ME) were intranasally colonized with 5 X 
10 6 CFU of various bacterial populations prepared in a 20-ju.l volume as 
described above and previously (13). Pneumonia was induced using the 
same inoculum pipetted into the nares of isofluorane-anesthetized mice. 
Sepsis was induced by intraperitoneal injection with 1 X 10 5 CFU bacte- 
ria. Mice were monitored six times daily for determination of illness and 
mortality according to indications correlating to huddling, ruffled fur, 
lethargy, and body temperature. Mice found to be moribund were eutha- 
nized. Nasopharyngeal lavage fluid and tissue, lung, and blood samples 
were collected, and bacterial burden was determined as described previ- 
ously (66). Tissue homogenate, lavage fluid, and blood were sonicated to 
ensure dissociation of bacterial aggregates and then serially diluted on 
tryptic soy agar (TSA)-5% blood agar plates. Histopathological assess- 
ment was performed on slides stained with hematoxylin and eosin (H&E) 
prepared by the University at Buffalo Histology Core Facility. 

Where indicated, mice were subjected to febrile-range hyperthermia 
for 4 h as described previously (59) or treated intranasally with a single 
dose of 10 mM ATP, 100 nM norepinephrine, or 1 M glucose in a 20-/j,1 
volume on day 2 after colonization. 

RNA isolation and quantitative RT-PCR (qRT-PCR). RNA was iso- 
lated from PBS-washed CDM-grown planktonic and biofilm samples as 



well as from dispersed biofilm bacteria. Bacterial pellets were resuspended 
in 0.5 ml of 0.9% NaCl, 1 ml of RNAprotect (Qiagen, Valencia, CA) was 
added, and the mixture was incubated at room temperature for 5 min. 
Cells were then pelleted at 9,000 X g for 2 min at room temperature, and 
RNA was purified using Qiashredder columns and an RNeasy minikit as 
described previously (66). Three independent biological samples were 
collected for each population, and the relative levels of gene expression 
were analyzed by using the 2 _AACT method (71). The reference gene was 
16S, and the primers spanning 100-bp-to-150-bp segments are reported 
in Table S 1 in the supplemental material. 

Statistical analysis. The data were analyzed for statistical significance 
by a two-tailed Student's f test or analysis of variance (ANOVA) with 
correction for multiple groups using Prism 5 software (GraphPad, La 
Tolla, CA). A P value of <0.05 was considered significant. 

SUPPLEMENTAL MATERIAL 

Supplemental material for this article may be found at http://mbio.asm.org 
/lookup/suppl/doi: 10.11 28/mBio.00438- 1 3/-/DCSupplemental. 

Figure SI, TIF file, 0.2 MB. 

Table SI, DOCXfile, 0.1 MB. 
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